Several clinical situations require continuous glucocorticoid (GC) treatment during pregnancy. A well-known deleterious side effect of such treatment is the higher incidence of growth-restricted fetuses, for which a too shallow trophoblast invasion is presently hypothesised as the underlying cause. This study investigated whether the synthetic GC triamcinolone acetonide (TA) influences proliferation, invasion and endocrine activity of human trophoblast. BeWo and JEG-3 choriocarcinoma cell lines both express GC receptors (western blotting) and were used as models for human trophoblast. JAR devoid cells of GC receptor were used as negative control. The cells were cultured for 48 h without (control) or with 0.5, 5 and 50 mM TA. In the presence and absence of serum, proliferation was determined by cell counting and measuring the cell cycle regulating protein cyclin B1 (Western blotting); invasion was determined by a conventional Matrigel invasion assay and by measuring the secretion (ELISA) of matrix-metalloproteinases (MMP-2, MMP-9) into the culture medium; endocrine activity was assessed by measuring the levels of human chorionic gonadotropin (ELISA) into the culture medium. TA altered the number of viable and dead cells as well as cyclin B1 levels and, to a lesser extent, invasion of BeWo and JEG-3, with a strong influence of serum. BeWo and JEG-3 cells reacted differently and in most instances reverse. In the cell lines used as models of human trophoblast, TA alter some functions relevant to proliferation and invasion, and suggest that caution should be exercised when treating women with GCs during pregnancy.
Introduction
In late human pregnancy, glucocorticoids (GC) play an important role in the preparation for birth, including involvement in lung and cardiac development of the fetus. Antenatal short-term corticosteroid therapy results in reduction of fetal mortality, respiratory distress syndrome and intraventricular haemorrhage in preterm babies (Sloboda et al. 2005) . These benefits extend to a broad range of gestational age.
However, several clinical situations like asthma, allografts and systemic lupus erythematosus require continuous GC treatment throughout the gestational period (Ostensen 2001) . A well-known deleterious side effect of GC treatment during pregnancy is the higher incidence of growth-restricted fetuses (Reinisch et al. 1978 , Garvey & Scott 1981 , Katz et al. 1990 , Edwards et al. 1993 , Seckl 1994 and an intrauterine programming of cardiovascular, metabolic and neuroendocrine disorders in adult life (Seckl 2004) . We recently identified a downregulation of trophoblast glucose transporters by GC and hypothesised that this may contribute to the restricted fetal and placental growth observed with the GC treatment (Hahn et al. 1999) . The pathogenesis of fetal growth restriction in the absence of GC treatment is more complex and the current consensus implicates too shallow trophoblast invasion into the maternal decidua in the first trimester of pregnancy as the underlying cause. Therefore, it is tempting to hypothesise that GC may affect trophoblast invasion. Moreover, the number of invasive trophoblast is closely linked to trophoblast proliferation, which determines the number of cells available for differentiation into an invasive phenotype. GC effects on trophoblast proliferation may also explain the correlation of maternal GC levels with the placental weight (Edwards et al. 1993) , suggesting that the placenta can respond to maternal GC in vivo. In fact, high affinity, low capacity GC receptors have been identified in the human placenta (Speeg & Harrison 1979 , Lageson et al. 1983 , Robinson et al. 1988 , Hahn et al. 1999 .
Physiological cortisol levels in maternal plasma during human pregnancy are in the range of 1 mmol/l (Simmer et al. 1974) , which is about 5-10 times higher than those in the fetus (Edwards et al. 1993) . The majority of the circulating cortisol in the human fetuses is derived only relatively late during gestation from the fetal adrenal gland and not from maternal sources (Pasqualini et al. 1970) . Transplacental transfer of maternal cortisol is limited because of the protective action of the enzyme 11b-hydroxysteroid dehydrogenase (11b-HSD-2) (Krozowski et al. 1995) . This enzyme is expressed in increasing amount throughout gestation in the placenta (Schoof et al. 2001) , and predominantly in the trophoblast (Driver et al. 2001) as well as in many other fetal tissues (Stewart et al. 1994 , Brown et al. 1996 . It catalyses the conversion of active cortisol into inert cortisone (Albiston et al. 1994 , Stewart et al. 1994 . The physiological role of 11b-HSD-2 is to protect the mineralocorticoid receptor from activation by cortisol, which binds to the receptor with the same affinity as aldosterone (Arriza et al. 1987) .
Synthetic GCs such as dexamethasone, however, are significantly less metabolised by 11b-HSD-2 than cortisol (Brown et al. 1996 , Diederich et al. 1997 . Therefore, these synthetic GCs readily cross the placenta. It is known that prenatal GC exposure reduces the birth weight in humans (Seckl 1994) , and even small doses of dexamethasone given prenatally alter neuropsychological parameters such as emotionality (Trautman et al. 1995 , Lajic et al. 1998 .
The study investigated whether a synthetic GC influences proliferation and invasion of human trophoblast. The choriocarcinoma cell lines BeWo and JEG-3, both expressing GC receptors, have been used. In addition, JAR cells were employed as a negative control because they lack the GC receptors. The experiments were performed both in the absence and presence of fetal calf serum (FCS) to determine if serum influences the GC effects.
The synthetic GC triamcinolone-acetonide (TA) was used. It (1) specifically binds to the GC receptor in placental cytosol (Speeg & Harrison 1979 ) with higher affinity than dexamethasone (Dancis et al. 1980) , which is also used for experimental studies into GC action, (2) is not inactivated by 11b-HSD-2 (Feinstein & Schleimer 1999) , and (3) has proven to be effective in altering the placental function (Hahn et al. 1994 (Hahn et al. , 1999 .
Proliferation was determined by cell counting and measuring the expression level of cyclin B1, a cell cycle regulating molecule with peak expression at the G2/M interface. It has proven to be useful in determining the trophoblast mitotic activity (Genbacev et al. 1997) . Invasion was assessed by a conventional Matrigel invasion assay and by measuring the amount of MMP-2 and MMP-9 secreted into the culture medium. Both play a key function in the trophoblast invasion (Staun-Ram et al. 2004) . Because antenatal dexamethasone administration is associated, among other adverse effects, with reduced placental hormone production (reviewed by Ogueh & Johnson 2000) , measurements of potential TA effects on the secretion of human chorionic-gonadotropin-b (hCG-b) were included in the study.
Material and Methods

Cell culture
BeWo (CCL-98, American Type Culture Collection (ATCC) passage number, 191), JAR (HTB-144, ATCC passage number, 722) and JEG-3 (HTB-36, ATCC passage number, 124) choriocarcinoma cells were obtained from the (ATCC, Rockville, MD, USA). All cells were used up to ten in-house passages. The JAR and JEG-3 cells were cultured in Dulbecco's modified Eagle medium (Gibco), containing 10% FCS (HyClone Laboratories, Logan, UT, USA) and 1% penicillin/streptomycin (Gibco), whereas BeWo cells were cultured in F-12 medium (Gibco) supplemented with 10% FCS, 1% penicillin/streptomycin and 2 mmol/l L-Gln (Gibco).
The cells were plated in six-well plates (Falcon Multiwell Cell Culture Plates, Becton Dickinson, NJ, USA) at a density of 4!10 4 (JAR, JEG-3) and 6!10 4 cells (BeWo) per well, and cultured for 24 h with FCS under a humidified 5% CO 2 /95% air atmosphere at 37 8C. After this time, cells were incubated in the respective medium supplemented with 0.5, 5 and 50 mM triamcinolone acetonide (TA) (Volon A, Bristol-Myers Squibb, Vienna, Austria) dissolved in benzylalcohol in the presence and absence of 10% FCS for 48 h. After 48 h, all cultures were still subconfluent (-FCS, w50%,CFCS, 80-90%), but extension of the culture period to 72 h had resulted in partial confluence (pilot experiments).
Determination of hCG-b
The amount of hCG-b secreted into the culture media was measured by an enzyme-immunoassay (Behring Diagnostics, Inc., Westwood, MA, USA), with intra-and interassay coefficients of variation of 6.4 and 9.2% respectively. Assay sensitivity was 1 mIU/ml.
Determination of cell number
A direct cell counting method was used. Cells were cultured under the conditions defined above. After 48 h, cells were detached by Accutase (Innovative Cell Technologies, Inc., San Diego, CA, USA) and cell aggregates dissociated by Accumax (Innovative Cell Technologies, Inc.). The number of cells was counted in the cell counter and analyser system CASY 1 (Schärfe System, Reutlingen, Germany) using a 150-mm capillary. Measurements with this system are based on the detection of changes in conductivity along an aperture during the flow of a cell-containing liquid.
The result is a size-distribution curve of the cells (Falkenhain et al. 1998) , in which cell debris, dead and viable cells can be identified by their distinct diameters. This method has been recently used to demonstrate the effects of hyperglycaemia on choriocarcinoma cells (Weiss et al. 2001) .
Immunoblotting of GC receptor and cyclin B1 protein
Cells were lysed in buffer containing 0.01 mol/l Tris (pH 7.4), 1% SDS, 1 mmol/l Na-orthovanadate and complete protease inhibitor (Roche) mixed with an equal volume of Laemmli sample buffer (Sigma). Proteins (40 mg) of adherent cells were subjected to SDS-PAGE and immunoblotting as described (Weiss et al. 2001) . The blotting membranes were incubated (overnight, 4 8C) with either a polyclonal anti-GC receptor antibody (1:500; P-20 Santa Cruz; Santa Cruz, CA) or a monoclonal anti-cyclin B1 antibody (1:500; Pharmingen, San Diego, CA). Anti-mouse IgG (HCL) horseradish peroxidase conjugate (1:1500; Southern Biotechnology Associates, Birmingham, AL, USA) was used as the secondary antibody. The immunolabelling was visualised using the chemiluminescense-based SuperSignal CL-HRP Substrate System (Pierce, Rockford, IL, USA). The high-performance chemiluminescence film, Hyperfilm ECL (Amersham) was developed and analysed by the ONE-Dscan program (Scanalytics, Billerica, MA, USA).
Matrigel invasion assay
Details of the assay were described by Cervar et al. (1996) . Briefly, the cells were incubated overnight in the presence of 10 mCi/ml [ 3 H]-thymidine (Amersham) in medium containing 10% FCS. Matrigel-coated (Biocoat, Becton Dickinson, Heidelberg, Germany) porous filters (8 mm pore size) were used as a barrier in a Boyden chamber (Albini et al. 1987) to test invasion of the cells. A total of 5!10 4 radiolabelled cells was added to the inside of the inserts and incubated for 48 h at 37 8C, 5% CO 2 atmosphere. TA at concentrations as above were added to the medium. The invasion index represents the proportion of cells that had invaded and traversed the extracellular matrix and was calculated as the amount of radioactivity in the lower wells expressed relative to the total radioactivity in upper and lower wells (Graham et al. 1993 ).
Determination of proMMP-2 and proMMP-9 levels
ProMMP-2 and proMMP-9 levels were measured in all cell culture supernatants by ELISA (Biotrak, Amersham) following the instructions of the manufacturer. They measured the precursor of MMP-2 (proMMP-2), i.e. free proMMP-2 and that complexed with TIMP-2, but not the active form of MMP-2 (Fujimoto et al. 1993 ) and proMMP-9 (free and complexed to TIMP 1; not active MMP-9; Fujimoto et al. 1994) . The range of detection for proMMP-2 is 1.5-24 ng/ml (sensitivity of 0.37 ng/ml) and for proMMP-9 1-32 ng/ml (sensitivity of 0.6 ng/ml).
Statistical analysis
The data expressed as meanGS.D. were analysed with standard methods for descriptive values and with multifactor ANOVA to compare the size of the effect. Significant overall results were further examined with Dunett's post hoc test for comparison with the control and least significant difference tests (LSD) for all other pairwise comparisons. A significance level of 0.05 was used for all the tests. For all calculations, SPSS (SPSS, Chicago, IL, USA) was used.
Results
GC receptor expression
Bewo and JEG-3 cells expressed GC receptors, as identified by western blotting, whereas JAR cells did not (Fig. 1) . The single band detected in the western blots corresponded to the molecular mass of about 85 kDa, which is similar to the molecular mass of the human GC receptor (UniProt entry name, GCR_HUMAN; accession number, P04150).
Effects on secretion of hCG-b
All three cell lines secreted varying levels of hCG-b with BeWoOJAROJEG-3 (not shown). In the absence of FCS, TA did not affect hCG-b production in any of the three cell lines. In the presence of serum, elevated (P!0.05, ANOVA) hCG-b levels were found in JEG-3 with a peak increase of C147% (P!0.05) at a concentration of 5 mM TA (Fig. 2) .
Effects on proliferation and cyclin B1
In the absence of serum, cell counts of BeWo cells decreased (P!0.01, ANOVA) when the cells were cultured with 0.5 mM TA (14%, P!0.05) and 5 mM TA (20%, P!0.01), whereas those of JEG-3 cells increased (P!0.05, ANOVA) by about 24% (P!0.01) when the cells were cultured with 50 mM TA. In the presence of FCS, the effects, if any, were reverted, i.e. TA increased the cell number in BeWo (P!0.05, ANOVA) by 46% (P! 0.001) at 50 mM, and, reduced the cell number in JEG-3 (37%, P!0.01), at 0.5 and 5 mM . The latter effect was abolished by 50 mM TA. The GC receptor-negative JAR cells were not affected by the presence of TA in FCS (Fig. 3) . In the presence of FCS, the number of dead BeWo and JEG-3 cells increased in a dose-dependent manner Glucocorticoids and first-trimester trophoblast (P!0.05, ANOVA) when TA was added. This effect was not found in the absence of FCS (data not shown).
To gain insight into TA effects on the cell cycle, cyclin B1 levels were measured. In the absence of serum, cyclin B1 expression levels decreased (P!0.05, ANOVA) in BeWo cells reaching a maximum of 80% at 50 mM TA (P!0.01). The presence of FCS reverted this effect, i.e. TA induced an increase (P!0.05, ANOVA) in cyclin B1 levels (70% at 50 mM, P!0.01). In JEG-3 cells, a non-significant trend towards increasing (KFCS) or decreasing (CFCS) cyclin B1 levels was noted that paralleled the effects on the cell number. Cyclin B1 levels in JAR were not affected (ANOVA) significantly (Fig. 4) .
Effects on Matrigel invasion and on secretion of proMMP-2 and proMMP-9
In the BeWo cells, 50 mM TA produced a stimulatory effect on invasion by 27 and 37% (P!0.05) in the presence and absence of FCS respectively. Invasion of JEG-3 cells was reduced by 50 mM TA under both conditions by about 20%, but only in the presence of FCS the effect reached significance (P!0.05). Invasion of JAR cells did not respond to TA administration (Fig. 5) .
In all the three cell lines, proMMP-9 levels in the culture supernatants were below the sensitivity of the assay. ProMMP-2 was detectable only in the supernatant of BeWo and JAR cells. BeWo cells produced about ninefold more proMMP-2 than JAR cells cultured in serum-free medium. In both cell lines, addition of FCS increased proMMP-2 secretion by about threefold. In the absence of FCS, the TA treatment led to an increase (P!0.01, ANOVA) in proMMP-2 levels in BeWo and JAR cells (Table 1) .
Summary of results
BeWo cells responded best to TA (Table 1) . Although it did not alter the hCG-b secretion, it profoundly changed cell proliferation. In the absence of FCS, proliferation was reduced, whereas cell number and cyclin B1 levels increased in the presence of FCS, as reflected. Invasion was only stimulated by 50 mM TA, regardless of the absence or presence of serum. TA only increased the proMMP-2 secretion in the absence FCS. JEG-3 cells responded better in the presence of FCS than in its absence. TA increased hCG levels only in the presence of FCS. The cell number was higher after TA treatment, which was paralleled by a tendency to higher cyclin B1 expression levels (not significant) in the absence of FCS. Upon addition of FCS, these effects were reversed. Invasion was reduced under both conditions, but was significant only in the presence of FCS.
JAR cells, which lack the GC receptor, did not respond to TA treatment, apart from the increase in proMMP-2 levels in the absence of FCS.
Discussion
The effects of GC treatment on the fetus have received considerable interest (reviewed Seckl 1997), but less is known about the effects of GC on human placenta and trophoblast cells. The aim of this study was to investigate the effects of TA, a synthetic GC, on proliferation and invasion of three choriocarcinoma cell lines. BeWo, JEG-3 and JAR are models of trophoblasts, which secrete the major placental peptide hormone hCG (Hochberger et al. 1991 , Taylor et al. 1991 Mauschitz et al. 2000 . They differ in their proliferative activity and degree of differentiation. All three cell lines show invasive behaviour in invasion assays (Graham et al. 1994 , Grummer et al. 1994 .
GC and mineralocorticoid receptors (Driver et al. 2001) have been identified in the human placenta, in particular in the trophoblast (Lageson et al. 1983 , Driver et al. 2001 . Because these choriocarcinoma cells are well known for their potential of phenotypic drifts during passage in culture, it was necessary to confirm earlier data (Speeg & Harrison 1979 ) using a different technique. Two of the choriocharcinoma cell lines (BeWo and JEG) express GC receptor, whereas no detectable levels of GC receptor were identified in the JAR cells. Moreover, 11b-HSD-2 activity (Gomez- Sanchez et al. 1996) and functional mineralocorticoid receptors (Listwak et al. 1996) were identified in JEG-3 cells. JAR cells were used as negative control in this study to identify a potential involvement of the mineralocorticoid receptor in GC effects, because GCs can also transactivate this receptor (Grossmann et al. 2004 ). The absence of major GC effects on JAR cells is in line with the absence of GC receptors in this particular choriocarcinoma cell line. The TA-induced proMMP-2 secretion may be the result of mineralocorticoid receptor activation, although conclusive information is pending. The TA doses were chosen because they have previously resulted in dose-dependent effects on term trophoblast hCG-b and GLUT1 levels (Hahn et al. 1999) . The lowest TA dose (0.5 mM) corresponds to the TA concentration in blood resulting after injection of 40 mg TA, a dose recommended by the manufacturer for therapy in humans (Mollmann et al. 1986 ).
GC treatment stimulated the hCG secretion of human placental trophoblasts (Ringler et al. 1989 , Hahn et al. 1999 ) and a transcriptional activation of hCG-b gene by GC was suggested. In JEG-3 cells TA also stimulated hCG-b secretion in FCS presence. The effects were significant at a concentration of 5 mM and became smaller, hence insignificant, upon addition of 50 mM TA. It was reported that dexamethasone up-regulated blood cell GR-mRNA levels at a concentration of 10 nM, whereas incubation with 10 mM resulted in toxic effects on blood cells with a decreased amount of total mRNA samples (Vedder et al. 1999) . This could be an explanation for the bimodal effect of TA not only on hCG-b secretion, but also on proliferation and proMMP-2 secretion, since TA increased the number of dead JEG-3 cells.
Cell proliferation was determined by direct cell counting. The classical thymidine incorporation method was not a suitable option here, because thymidine kinase, the rate-limiting enzyme, is regulated by GCs (Osborne et al. 1979) . TA effects on proliferation of BeWo and JEG-3 cells were converse and showed a strong influence of serum. In both cell lines the direction of the effects was reversed upon addition of serum, i.e. a TA-induced stimulation become an inhibition and vice versa. In BeWo cells these changes were paralleled by changes in cyclin B1 expression levels. Moreover, when BeWo and JEG-3 cells were cultured in FCS presence the number of dead cells increased suggesting some toxic effect of TA, which can also induce apoptosis (Schmidt et al. 2004) . The parallel increase in the number of both viable and dead cells in BeWo may be attributable to the polyclonic nature of the carcinoma cells, and hence, reflect a different response of different BeWo subclones. In FCS absence the opposite effect was observed.
Cyclins and cyclin-dependent kinases (cdks) are subunits of cell cycle dependent protein kinases that regulate key events during the progression of the cell cycle (reviewed in Sanchez & Dynlacht 2005) . Cyclins are selectively expressed in different phases of the cell cycle. Cyclin B1 is a mitotic cyclin, its expression is normally low in G 0 /G 1 , increases in S and is maximal during G 2 /M. Cyclin B1 is rapidly degraded at the end of mitosis, and is required for cells to enter and exit mitosis. In JEG-3 cells changes in cell count and cyclin B1 levels did not correlate. A reason could be that cyclin B1 (Graham et al. 1994 , Grummer et al. 1994 , because of their ability to secrete matrix metalloproteinases (Fisher et al. 1989 , Bischof et al. 1995 . Among these, MMP-2 and MMP-9 are involved in trophoblast invasion into the extracellular matrix of maternal decidua.
BeWo and JEG-3 cell invasion responded differently to TA treatment; in BeWo the highest TA dose induced invasion, whereas reduced it in JEG-3 cells similar to cytotrophoblasts (Librach et al. 1994 , Morrish et al. 1998 . Synthetic GCs inhibit MMP production (elastase, collagenase, stromelysin), either directly by affecting transcription (Werb 1978 , Frisch & Ruley 1987 , or indirectly by inhibiting interleukin-1 production (Butler et al. 1989) . Interleukin-1b is a strong regulator of invasion. Its secretion is reduced upon GC treatment (Librach et al. 1994) . It is unknown, however, if it is involved in TA-effect on invasion in JEG-3 cells.
The absence of correlation of TA effects on the invasion and those on proMMP-2 and proMMP-9 expression is in line with the complexity of mechanisms governing trophoblast invasion and may reflect GC effects on other invasion regulating systems such as the plasminogen activator inhibitor (Ma et al. 2002) . Moreover, activity of MMP-2 is regulated by several mechanisms, including gene expression, modifications of the balance between inactive pro-enzyme and active enzyme and by inhibition of MMP-2 activity by naturally occurring tissue inhibitors of metalloproteinases (for review, Mauviel 1993 , Ries & Petrides 1995 , Yu et al. 1996 .
The experiments were carried out in the presence and absence of 10% serum. Both culture conditions allow studying the effect of external stimuli on the cells at different phases of the cell cycle. Whereas in the absence of FCS, cells become arrested in G 0 , presence of serum maintains the cells in the cell cycle. Serum completely changed TA effects on hCG-and MMP-2-secretion and on proliferation, but not on invasion. This suggests that TA effects on invasion are elicited through cell-signalling pathways that are not altered by FCS or some of its components such as cytokines and immune mediators. These can modulate GC-induced activity of the GC receptor (Arzt et al. 2000) .
TA is not a substrate for 11b-HSD-2, and thus can bind to GC and mineralocorticoid receptor. The differences in receptor expression levels between BeWo and JEG-3 cells (Speeg & Harrison, 1979) may explain quantitative differences among the cell lines, but are unlikely to account for the opposite reactions. The actions of steroid hormones not only depends on the presence of hormone receptors in the cytosol/nucleus and of hormone response elements on the promotor of target genes, but also requires the recruitment and coordinated action of co-activators/co-repressors (Katzenellenbogen et al. 1996) . Differential endowment with these factors may be one of the reasons for the differential response of BeWo and JEG-3 to TA. Alternatively, the response of the cells on GC may also depend on their differentiation state. BeWo choriocarcinoma cells are regarded as poorly differentiated ones, whereas JEG-3 have a higher degree of differentiation, i.e. they contain several syncytial elements (Babalola et al. 1990 , Aplin et al. 1992 , Mitchell et al. 1995 . Term trophoblasts that also contain a proportion of multi-nucleated syncytia in vitro responded differently to the GC than mononucleated first trimester cytotrophoblasts (Guller et al. 1994) .
Collectively, TA, a synthetic GC, is able to influence proliferation and, to a lesser extent, invasion of choriocarcinoma cells that serve as models for human trophoblast. Although the effects induced by the GC depend on the cell line and on the presence of FCS, these data suggest that GC treatment in vivo may have the potential to adversely affect trophoblast development and differentiation. Therefore, we recommend that care must be exercised when women are given synthetic GCs during gestation. Further, investigations with trophoblast cells from different periods of gestation are necessary to identify how GC treatment affects the placenta in vivo. Our study is a first step to explore physiological processes during placental and trophoblast development that are influenced by GCs.
